Distamycin binds the minor groove of duplex DNA at AT-rich regions and has been a valuable probe of protein interactions with double-stranded DNA. We ®nd that distamycin can also inhibit protein interactions with G-quadruplex (G4) DNA, a stable fourstranded structure in which the repeating unit is a G-quartet. Using NMR, we show that distamycin binds speci®cally to G4 DNA, stacking on the terminal G-quartets and contacting the¯anking bases. These results demonstrate the utility of distamycin as a probe of G4 DNA±protein interactions and show that there are (at least) two distinct modes of protein±G4 DNA recognition which can be distinguished by sensitivity to distamycin.
INTRODUCTION
G-quadruplex or`G4' DNA is a four-stranded structure stabilized by G-quartets. In a G-quartet, four guanines interact via Hoogsteen bonding to form a planar ring ( Fig. 1) (1). Single-stranded DNA (2±6) or RNA (7) containing runs of consecutive guanine residues readily and spontaneously selfassociate in vitro to form G-quadruplex structures, as diagrammed in Figure 1A . These structures may contain one or more individual nucleic acid strands, in parallel or antiparallel con®guration. G4 DNA is very stable once formed, deriving its chemical stability from hydrogen bonding within each quartet, stacking of the hydrophobic quartets upon one another and coordination of a monovalent cation in the central channel (reviewed in 8). Because the structure of G4 DNA is different from that of duplex DNA, it is impervious to attack by enzymes which target single-stranded or duplex DNA, suggesting that specialized enzymes may maintain Grich regions of the genome or eliminate G4 structures that might otherwise interfere with transcription, replication, translation or recombination. Consistent with this, a number of proteins have been shown to bind, cleave or unwind G4 DNA with considerable speci®city (see, for example, 9±22).
Three regions of the genome are G-rich and have considerable potential to form G4 DNA: the telomeres, rDNA and mammalian immunoglobulin heavy chain switch regions. In addition, some genes encode G-rich mRNAs capable of forming G4 RNA, which appears to confer speci®c function in translation (23±27). Recent structural analysis has shown that the mammalian telomeric repeat TTAGGG spontaneously forms parallel G4 DNA in physiological salts (13) . Formation of G4 DNA could regulate telomere maintenance by telomerase, by rendering the telomeric tail unavailable as a primer for telomere maintenance. This has fueled the notion that compounds that bind and stabilize G4 DNA might be of therapeutic value.
Highly conserved polypeptide domains have been implicated in high af®nity G4 DNA binding. The abundant nucleolar protein nucleolin, which binds very tightly (K d = 1 nM) to G4 DNA (15) , contains four RBDs (RNA binding domains; also called RNA recognition motifs, or RRMs), a domain comprised of characteristic b-sheet structures thought to provide a platform for protein±nucleic acid contacts, and nine C-terminal Arg-Gly-Gly (RGG) repeats (28, 29) . By deletion analysis, G4 DNA binding has been mapped to two distinct domains of nucleolin, one comprised of the RBDs (K d = 0.5 nM) and the other of the C-terminal RGGs (K d = 3.3 nM) (15) . Two candidate mammalian telomere binding proteins, hnRNP A1 (30, 31) and hnRNP D (19) , also bind to G4 DNA and contain RBD and RGG domains. In addition, FMRP, a negative regulator of translation encoded by the FMR1 gene, contains a C-terminal RGG domain which binds to G4 RNA (K d = 10 nM) (24, 31) . Collectively, the RGG domains of nucleolin and FMRP are found to associate with four-strand parallel, two-strand hairpin and single-strand fold-back G4 DNA and G4 RNA (15, 24, 25) .
There is also at least one additional conserved domain that recognizes G4 DNA that occurs in the RecQ helicase family. This is a small family of conserved enzymes with homology to Escherichia coli RecQ. All helicases in the RecQ family tested thus far, including E.coli RecQ, Saccharomyces cerevisiae Sgs1p and human BLM and WRN, unwind G4 DNA as well as or better than double-stranded (ds)DNA (13, 14, 17, 21, 22, 32) . None of the RecQ helicases contain any RBD or RGG domains, but these proteins bind G4 DNA with high af®nity (5 nM). The RecQ G4 DNA recognition domain thus constitutes a third conserved region for protein±G4 DNA interaction. Despite the variety of proteins that interact with G4 DNA with high af®nity, the structural motifs in G4 DNA that proteins recognize have not been de®ned. It is not even known if different proteins recognize the same or distinct determinants. In order to de®ne the modes of protein±G4 DNA interaction, we have sought to identify small molecules that inhibit protein binding to G4 DNA and could be used as convenient probes of activity.
Distamycin is a small molecule (Fig. 1C ) which binds with high af®nity to the minor groove of B-form DNA, recognizing AT-rich tracts (33, 34) , and has been a valuable tool for studying protein±dsDNA interactions. Here we demonstrate that distamycin inhibits G4 DNA binding by the RGG domain of nucleolin, but does not interfere with G4 DNA binding by the region of nucleolin that contains the four RBD domains, or by BLM helicase. This shows that there are (at least) two distinct modes of protein±G4 DNA recognition. By NMR analysis we show that the distamycin rings stack ef®ciently on the terminal G-planes of G4 DNA, intercalating between these G-planes and the bases that¯ank the G-quartet structures. This contrasts with the interaction of distamycin with duplex DNA, which involves an extensive hydrogen bonding network in the minor groove and no intercalation. Taken together, these results identify distamycin as a ligand that is a useful probe for protein±G4 DNA interactions and suggest a mechanism which RGG proteins may generally employ to bind to G-quadruplex structures.
MATERIALS AND METHODS
Protein puri®cation and G4 DNA binding and unwinding reactions G4 DNA was formed from the oligonucleotide TGGACCA-GACCTAGCAGCTATGGGGGAGCTGGGGAAGGTGGG-AATGTGA and the structure veri®ed by gel electrophoresis and DMS footprinting, as previously described (14) . Full length murine nucleolin, recombinant nucleolin containing amino acid residues 281±709 but lacking the acidic Nterminus (Nuc-1,2,3,4-RGG) and recombinant nucleolin containing only the four RBD domains (Nuc-1,2,3,4) or the RGG domain (Nuc-RGG) were cloned and overexpressed as maltose binding protein (MBP) fusion proteins ( Fig. 2A) and assayed for binding as described (15) . Recombinant full length BLM helicase was expressed in yeast and puri®ed as a hexahistidine tagged polypeptide (35) and DNA unwinding activity assayed as previously described (21) 4 . DNA containing a run of three guanines spontaneously formed G4 DNA with the correct register. DNA containing runs of four or more guanines was heated to 85°C for 10 min prior to structural studies or the addition of ligand.
Distamycin was ®rst dissolved into a small volume of ethanol and diluted with water to a ®nal concentration of 10 mM. For titration of [TAGGGTTA] 4 , aliquots of distamycin were added to a 0.2 mM DNA solution; the ®nal ethanol concentration was <2%. For two-dimensional (2D) NMR analysis, an aliquot of the stock distamycin solution was added to a 2 mM strand (0.5 mM tetramer) DNA preparation and the sample was then lyophilized and resuspended to the original volume of the DNA portion, maintaining the original DNA and sample buffer concentrations. It should be noted that in some cases a small amount of distamycin did not redissolve when the sample was resuspended. The ®nal stoichiometry was determined by integration of DNA and ligand proton NMR signals. 
NMR experiments
NOESY spectra with 125, 200 and 300 ms mixing times were collected at 35°C on a Varian Unity 500 MHz NMR spectrometer. G4 DNA was initially con®rmed by tracking NOE connectivities between G imino protons resistant to fast exchange with water. DNA alone and ratios of 2:1, 4:1 and 8:1 distamycin:G4 DNA were examined in both H 2 O and D 2 O. Water elimination was achieved using a modi®ed WATERGATE (36, 37) . Matrix sizes were 2048 Q 256 complex points, zero ®lled to 4096 Q 512 and apodized using a Gaussian window of 10 Hz. Data were processed with NMRpipe (36) and analyzed using Sparky (37) .
Measurement of diffusion constants by NMR
NMR diffusion measurements were made at 35°C in a Varian Inova 500 MHz wide bore NMR spectrometer. The pulse sequence used for these experiments was essentially that of Lapham et al. (38) , based on the study of Tanner (39) . These experiments were performed on a wide bore spectrometer using a narrow bore probe suspended in air within the magnet bore using a plastic ring well below the probe RF coil. The resulting distance between the probe housing and the shim set was 1.8 cm, rather than being in contact as in a conventional narrow bore magnet. Measurements of signal recovery time after a strong gradient pulse showed that the shim set eddy current relaxation, which for older probes typically requires a 1±2 ms delay before acquisition, was not apparent in the wide bore spectrometer. This allowed for the reduction of the ®nal delay t e from 2 ms to 100 ms. For our probes, use of the wide bore spectrometer for diffusion measurements affords improved sensitivity and phase properties of the spectra. However, we note that for newer probes, manufacturers have improved signal recovery following gradient pulses through better shielding.
RESULTS

Distamycin inhibits G4 DNA binding by the RGG domain of nucleolin
We assayed the effect of distamycin on the G4 DNA binding activity of nucleolin and nucleolin derivatives shown previously to bind G4 DNA (15) . These were expressed as MBP fusions and contained the RBDs and RGG 9 domain (Nuc-1,2,3,4-RGG 9 ) or the RGG 9 (Nuc-RGG 9 ) domain ( Fig. 2A) . Distamycin inhibited binding of G4 DNA by Nuc-RGG 9 . In contrast, distamycin had no effect on G4 DNA binding by full length murine nucleolin (Nucleolin), recombinant nucleolin containing amino acid residues 281±709 but lacking the acidic N-terminus (Nuc-1,2,3,4-RGG 9 ) or recombinant nucleolin containing only the four RBD domains (Nuc-1,2,3,4). The distamycin concentration at which binding was reduced to 50% of untreated levels (the IC 50 ) was estimated to be 3 mM. Binding inhibition by distamycin was not dominant, as distamycin did not inhibit binding by Nuc-1,2,3,4-RGG 9 , which contains the RBDs and the RGG 9 domain.
Others have shown that distamycin does inhibit unwinding of AT-rich duplex DNA by BLM helicase (40) . However, assays of G4 DNA unwinding by BLM in the presence of distamycin showed no effect of this inhibitor (Fig. 2B) , although inhibition was readily apparent at low concentrations of the anionic porphyrin derivative N-methyl mesoporphyrin IX (NMM), as we have previously reported (21, 22) . Distamycin is therefore a speci®c inhibitor of duplex DNA unwinding by BLM (and probably other RecQ helicases). 
NMR characterization of the distamycin-[TAGGGTTA] 4 complex
These data suggested that there are at least two separate modes of protein±G4 DNA recognition which can be distinguished by sensitivity to distamycin, and led us to ask how distamycin interacts with G4 DNA. G4 DNA is very stable in vitro and has proven to be an excellent candidate for structural studies by NMR (41±46). Three studies have demonstrated binding of RGG domains from nucleolin and FMRP to over 20 different substrates containing G-quadruplex structures (15, 24, 25) . These RGG domains do not bind the same DNA when it is in the single-strand form, establishing the generic quadruplex structure as the target of protein RGG domain recognition. Because the gel-shift DNA substrate was too large to study by NMR, we chose a DNA sequence that has been a useful substrate in deriving structural models for quadruplex-speci®c ligands, [TAGGGTTA] 4 (46) . This substrate was permuted to increase the groove length since the prevailing theory was that distamycin bound in the groove of G-quadruplex DNA. We felt that the demonstrated general binding of RGG domains to quadruplex was suf®cient justi®cation to allow us a reductionist approach in the NMR characterization.
For initial characterization of the G4 DNA-distamycin complex, we titrated distamycin into a parallel G4
[TAGGGTTA] 4 DNA sample and collected one-dimensional (1D) NMR spectra (not shown). Distamycin pyrrole H3 and H5 protons resonate in a region where there are no DNA signals (Fig. 3A) and allow for easy monitoring by 1D NMR and interpretation of NOEs in 2D NOESY experiments. Only one set of distamycin signals was apparent at all concentrations up to 8 equivalents per quadruplex. These signals changed only slightly with increasing ligand, sharpening and uniformly shifting down®eld by 0.1±0.2 p.p.m. Although distamycin peaks sharpened slightly during the titration, they remained broader than the DNA base signals. The existence of only one set of signals requires the ligand to be in fast exchange among all bound conformations.
Because nucleolin RGG binding to G4 DNA (assayed at 1 nM protein and 67 pM DNA) was inhibited by an excess of distamycin (3 mM), we studied the complex under conditions in which the ligand was in excess in order to characterize all of the potential binding sites. Diffusion measurements using NMR gradient methods have been shown to be useful in determining ligand binding to DNA and proteins and to serve as a spectral editing tool based on molecule size. In the experiments presented here, diffusion measurements were made on the [TAGGGTTA] 4 -distamycin NMR preparation with a molar ratio of 4:1 distamycin to quadruplex to assay the extent of association of distamycin with parallel G4 DNA. We found that distamycin alone has a diffusion coef®cient (D) of 3.08 Q 10 ±6 cm 2 /s (Fig. 3B) in the buffer used to produce G4 DNA. However, in the presence of DNA, the distamycin diffused with the DNA molecule (distamycin D = 1.50 Q 10 ±6 cm 2 /s; G4 DNA D = 1.43 Q 10 ±6 cm 2 /s), indicating a strong or frequent interaction. The value of D for DNA alone was 1.45 Q 10 ±6 cm 2 /s. The diffusion measurements indicate that the majority of the ligand is associated with the DNA, even when present in 4-fold molar excess as in our NOESY experiments.
The structure of the [TAGGGTTA] 4 G4 DNA was con®rmed with NOESY experiments using published assignments (46) . Comparison of chemical shifts (Fig. 4,  bottom panel) showed that, upon addition of distamycin, all of the resonances shifted; however, within the central G-plane, the G4 H8 signal shifted the least. Speci®c contacts between distamycin and [TAGGGTTA] 4 are listed in Table 1 . Notably, there were no detectable NOEs from distamycin to any part of the interior G4 plane, and this plane therefore appears to have no contact with the ligand. However, there were NOEs arising between distamycin methyls and multiple positions in both the G3 and G5 base planes. The ligand contacts the entire face of each terminal G-plane as evidenced by NOEs to DNA G H1 protons. The ligand methyl groups resonate in a region of the NMR spectrum mostly devoid of DNA peaks (~3.5 p.p.m.); NOEs from the distamycin methyls to the DNA H6/H8 protons are shown in Figure 5C . Based on observed NOEs, the ligand pyrrole H3, H5 and methyl protons are positioned near the G3 and G5 planes but also populate conformations in proximity to¯anking bases. Weak NOEs from the distamycin pyrrole H3 and H5 protons to deoxyribose H1¢ signals on both sides of the G-stack and additional¯anking deoxyribose NOEs require that the pyrrole rings also be in proximity to the sugar portions of the backbone. The formyl group (HF) at one end of distamycin only gave rise to NOEs to the¯anking A and T bases. Thus, although this part of the ligand does interact with DNA, it does not appear to be constrained to the G-planes.
Distamycin binding is independent of length of G-runs and 3¢¯anking region
The effect of extending the run of guanines (and thereby the length of the grooves) and truncating the¯anking region 3¢ of the G-plane was assessed by analysis of distamycin-[TAGGGGTT] 4 and distamycin-[TAGGGGGT] 4 DNA complexes. DNA peak assignments of these complexes were made based on sequential H1¢ to H8 and H1 to H1 NOEs. As with [TAGGGTTA] 4 , chemical shift changes of the DNA H6/H8 signals induced by the ligand were restricted to the terminal planes and¯anking bases (Fig. 4, middle and top panels) . The intermolecular NOE patterns detected in these two complexes were essentially identical to those of the distamycin-[TAGGGTTA] 4 complex ( Fig. 5A and B) , with the obvious exception of the missing 3¢ base(s). One difference was noted in the distamycin-[TAGGGGGT] 4 complex, which contains only a single base 3¢ of the G-planes: an additional NOE between the distamycin methyl resonances and the DNA G6 H8 protons appeared. This is unlikely to be an intercalation as there are no NOEs from internal G6 H1 protons to any part of distamycin and the chemical shifts of G6 and G7 protons were not signi®cantly in¯uenced by ligand binding. In both examples of DNA with longer grooves, again, no NOEs between ligand and other internal planes were detected. Distamycin-G4 DNA contacts are therefore effectively independent of the length of the G-run or number of 3¢¯anking bases.
DISCUSSION
We have shown that distamycin associates with four-stranded parallel G4 DNA via stacking interactions with the terminal guanine residues at the ends of G-runs and contacts to the bases that¯ank the G-runs. As diagrammed in Figure 6A , two molecules of distamycin lie¯at on each of the terminal G-quartets at the end of a G4-stack. Distamycin pyrrole rings are separated by amides that could potentially hydrogen bond to another ligand. In this model,¯anking DNA bases would sample conformations on top of the distamycin ligands. Distamycin interactions with duplex DNA involve the minor groove of AT-rich regions (34) . It had been speculated that distamycin binds to the groove of G4 DNA, just as it binds to the minor groove of duplex DNA (47) . This is not the case. In fact, the binding mode we identify actually resembles more closely that used by porphyrins and tri-substituted acridines bound to G4 DNA (48, 49) . The planar G-quartets provide an ideal platform for the stacking of aromatic rings presented by distamycin. In binding to the DNA this way, the distamycin terminal cationic group could salt bridge to the DNA phosphate backbone, and distamycin could easily ®t onto the G-plane in multiple conformations and satisfy the NMR constraints determined here.
Distamycin is intriguing in its ability to bind G-quadruplex and duplex DNA using very different modes. The four strands of parallel G4 DNA are separated by four identical grooves which are comparable in width (measured as distance between phosphate backbones) to the minor groove of AT-rich B-form DNA. Despite similarities in groove width, we ®nd no evidence of interaction of distamycin with the groove of G4 DNA. This is not surprising since G-G grooves present only one potential hydrogen bond partner to this ligand, in contrast to the two provided by AT minor grooves in B-form DNA. In G4 DNA, the absence of suitable hydrogen bonding partners in the G-G groove is compounded by the steric impediment created by the protruding G-NH 2 functionality. An analogous explanation has been put forward to account for the inability of distamycin to bind to GC-rich duplex DNA (34) .
Distamycin inhibits G4 DNA binding by the RGGs of nucleolin, but not by the RBDs. These conserved domains therefore recognize distinct determinants in G4 DNA. Distamycin also does not inhibit G4 DNA unwinding by the RecQ family helicase BLM. In contrast, NMM is a potent inhibitor of G4 DNA unwinding by BLM, but it does not prevent helicase binding to G4 DNA (21) . Distamycin, NMM and other G4 DNA ligands have been shown to in¯uence protein activities on G4 DNA in the micromolar range (49±61), comparable to the inhibition concentration we ®nd for distamycin and nucleolin RGG binding. Like distamycin, porphyrin derivatives probably bind to the quartets at the ends of G-runs (52) . However, NMM is a covalently closed ring that could effectively seal the ends of the G4 DNA structure, preventing the contact with the bases that is necessary for a helicase to destabilize DNA structure. In contrast, each bound distamycin molecule bridges only two of the four strands, leaving open the possibility for a helicase to separate the strands of the DNA structure.
A possible model for the interactions of RGG domains with G4 DNA which is consistent with the NMR and binding inhibition data is shown in Figure 6B . The model assumes that the RGG domain makes contact with the region of G4 DNA that is occluded by distamycin. The protein conformation is shown as two short antiparallel b-strand segments, in which the two RGG units span one of the terminal G-planes, with the arginines positioned to form salt bridges with the DNA phosphate backbone. The glycines in the motif generate a b-sheet without protruding side chains and allow for tight turns around the DNA. The secondary structure of the RGG domain free in solution contains very small amounts of short b-turns that are stabilized at high salt concentrations (62) . It is possible that the conformation of the RGG domain changes signi®cantly upon binding to G4 DNA, and this is a question we are continuing to explore.
The ability of telomeric repeats to form G4 DNA has suggested that small molecules that bind this structure might have therapeutic potential (see, for example, 58±61). Interestingly, a distamycin derivative was recently found to inhibit telomerase activity (61) . The fact that distamycin can inhibit binding to G4 DNA by a speci®c conserved polypeptide motif suggests that this ligand, or its derivatives, might be useful in the design of therapeutics targeted against speci®c proteins in vivo. Tables of chemical shifts 
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